A sensitive and selective method has been developed for the simultaneous determination of cadmium, zinc, nickel and cobalt. The method is based on the chelation of metal ions with 2-(8-quinolylazo)-4,5-diphenylimidazole (QAI) and the subsequent reversed-phase (RP) high-performance liquid chromatographic separation and spectrophotometric detection of the metal chelates. The chelates were separated on an RP column with acetonitrile-water containing ethylenediamine tetraacetic acid and sodium acetate (pH 7.5). Though Zn(II) and Cd(II) chelates with azo compounds were generally labile in the RP column, these chelates with QAI were successfully detected. When analyses were carried out at 575 nm and at 0.001 absorbance unit full scale, the peak height calibration curves were linear up to 2.0 ng for Cd(II), 2.4 ng for Zn(II), 0.14 ng for Ni(II) and 0.72 ng for Co(II) in 100-µL injections, respectively; the detection limits (3σ, three times of the standard deviation for the blank signal) for Cd(II), Zn(II), Ni(II) and Co(II) were 4.8, 24, 2.4 and 7.2 pg in 100 µL of injected solution, respectively. The proposed method was successfully applied to the analysis of tobacco without any preliminary concentration or separation.
Introduction
Tobacco plant is amenable to absorb and accumulate heavy metal species from the soil into its leaves. 1 In Canada, the contents of such metals in cigarette tobacco have been determined as an indicator of environmental change. 2 Heavy metals in cigarette tobacco may cause a significantly serious damage on human health. In fact, some surveys clarified that the contents of certain toxic heavy metals, especially cadmium, in fat, 3 blood 4 and liver 5 of tobacco smokers were much higher than those of non-smokers. The monitoring of heavy metals in tobacco and food samples, therefore, is essential for protection of the environment and of our health. Particularly, the need of multi-element analysis is expected to be increasing as the toxicity might be greatly enhanced by the synergistic effects of several heavy metals. 6 The multi-element or simultaneous determination of heavy metals in tobacco has been carried out by such instrumental techniques as neutron activation analysis (NAA), 7 inductively coupled plasma atomic emission spectrometry (ICP-AES), 8, 9 inductively coupled plasma mass spectrometry (ICP-MS), 10 atomic absorption spectrometry (AAS) 11, 12 and X-ray fluorescence spectroscopy. 13 The first three methods, ICP-AES, ICP-MS and, especially NAA, show good sensitivity but are limited because of expensive instrumentation and high cost for routine analysis. In ICP-MS, the direct measurement of metal ions in the solutions obtained from the acid digestion, which often contain large amount of salts, is difficult. The introduction of saline solutions to the plasma frequently causes blockage of the nebulizer and chemical interferences, with resulting decreases in sensitivity and precision. AAS and X-ray fluorescence spectroscopy often suffer the problem of low sensitivity. On the other hand, since highly sensitive and stable UV-Vis detectors, which give the low noise level of ±2 × 10 -5 absorbance, are developed, the spectrophotometric methods are accepted as one of the most sensitive and selective methods by combining reversed-phase high-performance liquid chromatography (RP-HPLC) in the determination of various trace metal ions. One of them, the precolumn derivatization RP-HPLC method, is based on the chelation of metal ions with a ligand and the subsequent RP-HPLC separation and spectrophotometric detection of the metal chelates. It has been used as a powerful technique for the simultaneous determination of metal ions. 14, 15 This method shows the advantages of low cost, excellent selectivity and sensitivity; several groups of ligands such as azo compounds, 16, 17 oxine and its derivatives 18, 19 and dithiocarbamic acid 20, 21 were used as derivatizing agents for the RP-HPLC determination of various metal ions.
The azo compounds are known to form chelates with many metal ions which have molar absorptivities that exceed 10 5 L mol -1 cm -1 . Generally, these compounds are suitable for the precolumn derivatization of V(V), Co(II) and Ni(II) in the RP-HPLC separation and determination. 16, 17 Labile chelates such as Cd(II) and Zn(II) chelates with azo compounds are forced to dissociate during the elution unless the reagent stream is used as an eluent; specially, there are few papers on the determination of Cd(II) by RP-HPLC using any azo compounds. In this study, 2-(8-quinolylazo)-4,5-diphenylimidazole (QAI) was examined for the determination of Cd(II) and Zn(II) by the precolumn derivatization RP-HPLC.
Additionally, the utility of unselective QAI was investigated for the separation and the detection of other metal ions. Though QAI, first synthesized in 1976, 22 has been used for the extraction of Hg(II), 23 the conventional spectrophotometric determination of Zn(II), 24 and the histochemical staining of Cd(II), 25, 26 its application to HPLC has never been reported. We demonstrate that QAI is an excellent precolumn derivatization reagent for the RP-HPLC determination of Cd(II) and Zn(II) in addition to ordinary Ni(II) and Co(II). A sensitive and selective method is proposed for the simultaneous determination of cadmium, zinc, nickel and cobalt in cigarette tobacco.
Experimental

Reagents and solutions
QAI was prepared by coupling diazotized 8-aminoquinoline with 4,5-diphenylimidazole in alkaline pyridine solution at 0 -5˚C according to the method described by Shibata et al.
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A non-ionic surfactant, poly(oxyethylene)-oleyl ether with 10 oxyethylene units (POOE-10) (Tokyo Chemical Industry, Tokyo, Japan), was used to dissolve QAI and its metal chelates. A 0.1877-g portion of QAI and a 12.5-g portion of POOE-10 were taken into a beaker, and then an appropriate amount of water, up to about 150 mL, was added to the mixture with warming on a boiling water-bath and stirring. The entire mixture was gently stirred until a transparent solution was obtained. After cooling, the solution was transferred to a 250-mL volumetric flask and made up to the mark with water. The concentrations of QAI and POOE-10 in the reagent solution were 2.0 × 10 -3 M and 5% (m/v), respectively. The buffer solution (pH 7.2) was prepared by adding hydrochloric acid to 1 M sodium carbonate solution while measuring the pH. The standard metal solutions of Cd(II), Zn(II), Ni(II), Co(II), Fe(III), Cu(II), Mn(II), V(V) and Al(III) (100 mg L -1 or 1000 mg L -1 ), purchased from Kanto Chemical Co., Inc. (Tokyo, Japan), were diluted to the desired concentrations with 0.2 M hydrochloric acid. The standard multielement solution containing nine kinds of metal ions mentioned above was prepared by blending the respective standard metal solutions and was diluted to the desired concentrations. The nitric acid (60%) and hydrofluoric acid (48%) used were ultrapure grade (Kanto Chemical). The mobile phase was 55% (m/m) aqueous acetonitrile solution containing 1.5 × 10 -3 mol kg -1 ethylenediamine tetraacetic acid (EDTA) and 5.0 × 10 -3 mol kg -1 sodium acetate and its final pH was 7.5.
Apparatus
The chromatographic system was equipped with a Shimadzu LC-9A pump, a Rheodyne 7125 injector with a 100-µL sample loop and a Shimadzu SPD-10AV UV-visible spectrophotometric detector. Three-dimensional chromatograms of QAI and its metal chelates were obtained by using a Shimadzu SPD-M10AVP photodiode array detector. Cosmosil columns (4.6 mm × 100 mm, Nacalai Tesque, Inc., Kyoto, Japan) packed with 5TMS-MS, 5C8-MS and 5C18-MS as packing materials were used. Spectral measurements were carried out with a Shimadzu UV-260 spectrophotometer. A Toa Denpa HM-20E pH meter was used for pH measurements. Weighing of solid samples such as tobacco (M g) and sample solutions (W g and w g) was performed with a Mettler AG204 electronic balance (readability: 0.1 mg). All glassware and Teflon bottles were kept in nitric acid (1 + 1) for at least a day, and then were rinsed with deionized water before use.
Procedure for spectrophotometric studies
To a solution containing 1.25 × 10 -7 mol of a particular metal ion in a 30-mL screw-capped Teflon bottle, 1 mL of 2.0 × 10 -3 M QAI solution and appropriate buffer solution were added, successively. The mixture was diluted to about 20 mL with water, and then heated on a boiling water-bath for 30 min. After cooling, the solution was transferred to a 25-mL calibrated flask and made up to the mark with water. Absorbance and pH of the solution were measured.
Recommended procedure for determination of Cd(II), Zn(II), Ni(II) and Co(II)
On an electronic balance, a standard metal solution or a sample solution (w g, 0.5 -2.0 g) was accurately weighed into a 30-mL screw-capped Teflon bottle. A 1 mL portion of 0.2 M ammonium oxalate as a masking agent, 2 mL of 1.0 M sodium carbonate-HCl (pH 7.2) and 1.5 mL of 2.0 × 10 -3 M QAI solution (in 5% (w/v) POOE-10) were successively added to the solution. If required, 0.1 M hydrochloric acid or 0.1 M sodium hydroxide solution was added to establish the pH at 7.2. The mixture was diluted to about 20 mL with water, and then heated on a boiling water-bath for 30 min. After cooling, the solution was transferred to a 25-mL calibrated flask and made up to the mark with water to prepare the test solution. A reagent blank solution was also prepared in the same manner but without the addition of metal ions. Each solution was injected onto the column using a 100-µL loop injector. The mobile phase was 55% (m/m) acetonitrile-water containing 1.5 × 10 -3 mol kg -1 EDTA and 5.0 × 10 -3 mol kg -1 sodium acetate. QAI and its metal chelates were eluted with the mobile phase at a flow rate of 1.0 mL min -1 and then spectrophotometrically detected at 575 nm. The concentration of metal ions in biological samples was determined by measuring the peak heights of chromatograms.
Preparation of sample solutions
Three kinds of Japanese cigarettes and two biological certified reference materials, rice and mussel supplied by the National Institute for Environmental Studies, Japan (NIES) were digested with a Milestone Microwave Laboratory System (MLS-1200 MEGA, Bergamo, Italy). A 0.5 g portion of each sample dried at 85˚C was accurately and directly weighed (M g) into a Teflon bomb. The microwave digestion was performed with 6 mL of 60% nitric acid, 0.5 mL of 48% hydrofluoric acid and 1 mL of 30% hydrogen peroxide. In a tightly closed system, the following five-step microwave digestion program was applied according to the manufacturer's operating guideline: 1st step, 2 min at 250 W; 2nd step, 2 min at 0 W; 3rd step, 6 min at 250 W; 4th step, 5 min at 400 W; 5th step, 5 min at 600 W and ventilation for 5 min. After cooling and evaporating to dryness, the residues were dissolved with a small amount of 0.2 M hydrochloric acid. The each solution was transferred to a Teflon bottle on a balance and diluted to 50 g with this acid to prepare each sample solution. The sample solutions obtained were accurately weighed (W g). An appropriate amount (w g) of each sample solution was accurately weighed into a 30-mL screw-capped Teflon bottle and then was subjected to the analysis according to the recommended procedure previously described. Here the sample size (w g) was 0.5 -2.0 g as described previously. The amount of solid sample dissolved in w g of the sample solution is given by the value of Mw/W. 
Results and Discussion
Properties of QAI and its metal chelates OAI is a tridentate ligand with coordination atoms of imidazole nitrogen, azo group nitrogen and quinolyl nitrogen; it has the following structure:
Owing to the large conjugated system and the strong basicity of nitrogen atom on the imidazole ring, the compound showed excellent chelating ability to form inner metal chelates. QAI and its metal chelates can be easily solubilized in an aqueous micellar solution of POOE-10, though these are insoluble in water. The apparent acid dissociation constants of QAI in 0.3% (m/v) POOE-10 were spectrophotometrically determined to be 2.46 for pKa 2 ′ and 11.59 for pKa 3 ′;
27 it is assumed from the pKa values that QAI is mainly in the form of non-ionic molecule in neutral media. The absorption maxima of metal chelates with QAI were mostly in the wavelength range of 570 -610 nm. The maximum absorption wavelength of Cd(II) chelate was 575 nm. For the sensitive determination of Cd(II) and the other metal ions, the detection in the HPLC was made at 575 nm.
Since the complexation between Ni(II) and QAI was slow, about 2.5 h is needed to obtain the full color development at room temperature. In order to accelerate the reaction, it is desirable to heat the test solution on a boiling water-bath for 30 min. The Co(II) chelate with QAI was easily oxidized to the Co(III) chelate in such neutral solutions.
The redox transforming from Co(II) to Co(III) was reported for the other azo chromogenic reagent such as 5-Br-PADAP. 28 In this work, the Co(III) chelate was separated under the present RP-HPLC conditions.
The influence of pH on the absorbance of QAI and its metal chelates is shown in Fig. 1 . Table 1 summarizes the optimum pH ranges for full color development and spectral properties of the chelates. Most metals, except Fe(II) and V(V), reacted with QAI to form stable complexes with molar absorptivities exceeding 6 × 10 4 mol L -1 cm -1 at pH above 7.0. The absorbance of QAI itself was constant in the pH range of 4.0 -8.0. The absorbances of Cd(II) and Zn(II) chelate were maximum and constant in the pH range of 7 -11. Therefore, pH 7.2 was chosen for the sensitive determination of Cd(II) and other metal ions investigated.
Effect of stationary and mobile phases on retention of QAI and its chelates
RP-HPLC using alkyl bonded phase is the most frequently selected separation mode for determining metal ions as their chelates. The retention behavior of alkylsilyl-bonded materials with three different chain lengths varying from C1(TMS) to C18 was investigated. The columns used were Cosmosil 5TMS-MS, Cosmosil 5C8-MS and Cosmosil 5C18-MS. The peaks of Cd(II), Zn(II), Ni(II) and Co(III) chelates were well separated on the chromatograms with all kinds of analytical columns. The RP-HPLC resolution of Cd(II) chelate was incomplete on the TMS column. The C8 and C18 columns showed better resolution for all metal chelates, but the latter one resulted in a lower sensitivity for the determination of Cd(II) and Zn(II). Cosmosil 5C8-MS column was selected as the most appropriate for multielement RP-HPLC determination.
The pH of the mobile phase was varied with acetate buffers. Over the final pH range of 7.0 -7.8, the peak heights of Cd(II), Zn(II), Ni(II) and Co(III) chelates with QAI were constant on the chromatograms. EDTA added to the mobile phase was found to be useful to mask the metal contaminants from the chromatographic system and to improve the baseline noise. The interference with the determination was not observed in the range of 1.2 × 10 -3 -1.8 × 10 -3 mol kg -1 of EDTA. The mobile phase was adjusted to pH 7.5 with EDTA and sodium acetate; concentrations of EDTA and sodium acetate were 1.5 × 10 -3 mol kg -1 and 5.0 × 10 -3 mol kg -1 , respectively. The retention time of QAI and its metal chelates decreased with increasing concentration of acetonitrile; the elution order remained unchanged in the acetonitrile concentration range of 42 -65% (m/m). Co(III) chelate was retained more strongly on the column than the other chelates.
At acetonitrile concentrations below 50% (m/m), the retention time of Co(III) chelate was more than 25 min. At the concentrations above 60% (m/m), the peak of Zn(II) chelate overlapped with that of Cd(II) one. As a result, 50 -60% (m/m) was the best region of 1107 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 acetonitrile concentration for the rapid elution, good resolution and sensitive determination of these metal chelates. The elution could be achieved within 15 min with 55% (m/m) aqueous acetonitrile mobile phase.
Selective separation of QAI and its metal chelates
After a 100 µL aliquot of the standard test solution or the reagent blank solution was injected onto the analytical column, QAI and its metal chelates were separated and spectrophotometrically detected at 575 nm. (Fig. 2a) could be attributed to the contaminant from QAI used. When the peak heights are measured at 0.001 absorbance unit full scale (AUFS), relative standard deviation was 5.3% for four determinations; it was statistically shown that 0.6 ng (3σ, σ is standard deviation) of Ni(II) is detected and 2 ng (10σ) of Ni(II) is determined in 25 mL of a test solution. Except for the Cd(II) and Mn(II) chelates that chromatographically overlapped, all peaks showed wellresolved peaks. Al(III) and V(V) gave no peaks on the chromatogram because they did not react with QAI at pH 7.2. The Cu(II) chelate might be decomposed or adsorbed on the column.
Next, masking Mn(II) was examined for the selective detection of Cd(II). The stability constants of metal chelates with an azo compound generally increased in the order of the chelate of Zn(II) > Cd(II) > Mn(II) as previously reported; for example, the stability constants (βs) are reported as follows: log βs of the chelates of Zn(II), Cd(II) and Mn(II) with 4-(2-pyridylazo)resorcinol (PAR) are respectively 25.3, 21.6 and 18.9 and those with (2-pyridylazo)-1-naphthol (α-PAN) are 20.03, 17.59 and 14.68, respectively. 29 For QAI chelates of these ions, the same order as the βs of PAR and α-PAN chelates, was assumed from the pH-absorbance curves of QAI chelates as shown in Fig. 1 . When a masking agent is used prior to the complexation between these metal ions and an azo compound, it is expected that among the three ions, Mn(II) will be the most successfully masked because the β of Mn(II) chelate with the azo compound has the smallest value among the three chelates. In fact, one of the authors has reported that Mn(II) was partly masked with tartrate, but that Zn(II) and Cd(II) was not masked when these ions reacted with 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol. 28 The formation constants (Ks) of tartrate complexes are known as follows: log Ks of Zn(II), Cd(II) and Mn(II) complexes with tartrate are 2.69, 3.71 and 2.92, respectively. 30 In this work, oxalate was tested to mask Mn(II); because the log K of Mn(II) complex with oxalate (3.75) 30 was larger than that with tartrate, more effective masking was anticipated. The log Ks of Zn(II), Cd(II) and Fe(III) complexes with oxalate are 3.44, 3.71 and 7.54, respectively. 30 Figures 2b and 2c show the chromatogram obtained for the standard test solution in the absence and the presence of ammonium oxalate, respectively; oxalate was useful to mask Mn(II). A 1000 ng portion of Mn(II) could be masked completely by adding 0.8 -1.2 mL of 0.2 M ammonium oxalate to 25 mL of a test solution. Considering that the content of Mn(II) in tobacco sample was generally below this level, the addition of about 1 mL of ammonium oxalate solution was sufficient to mask the interference of Mn(II) in real samples. Fe(III) was partly masked with oxalate and unable to be determined with good reliability. The peak height of Cd(II), Zn(II), Ni(II) and Co(III) chelates with QAI remained unchanged when ammonium oxalate solution was added to the test solution. The elution order was the same as that in the absence of oxalate. For the highly sensitive and selective determination of Cd(II), Zn(II), Ni(II) and Co(II), 1 mL of 0.2 M ammonium oxalate solution was adopted.
Applications
The peak height calibration curves were linear up to 2.0 ng for Cd(II), 2. Cd(II), 24 pg of Zn(II), 2.4 pg of Ni(II) and 7.2 pg of Co(II) in a 100 µL injection at 0.001 AUFS, respectively. Cadmium, zinc, nickel and cobalt in Japanese tobacco cigarettes were determined by the proposed method. The reference materials, rice flour-unpolished (NIES No. 10, high level of cadmium) and mussel (NIES No. 6), were analyzed for evaluating the effect of foreign ions and the accuracy of the method. Figure 3 shows the chromatograms obtained for the analyses of rice and one of the tobacco samples. The analytical results are listed in Table 2 . The contents of cadmium, zinc and nickel in rice and mussel were in acceptable agreement with the certified values. The analytical results of rice and mussel showed that oxalate was useful for masking manganese. This method is essentially free from the interference of diverse metal ions. The average contents of four metals in three Japanese tobacco brands were as follows: Cd 1.04 µg/g, Zn 75.1 µg/g, Ni 3.24 µg/g, Co 1.25 µg/g. These results were in good agreement with the literature values as compared with the metal concentration in other tobacco brands reported in the literature. 1, 7 QAI was one of the most excellent precolumn derivatization reagents for multi-metal analysis. This method using QAI was successfully applied for the simultaneous determination of cadmium, zinc, nickel and cobalt in biological samples. Because of the selectivity and sensitivity of the method, its application can be extended to the direct determination of those ions in environmental and industrial samples. 
